Introduction
Inoperable metastatic colorectal cancer (MCRC) is an incurable disease that would affect approximately 20% of the nearly 150,000 new colorectal cancer cases expected to be diagnosed in 2009 in the United States [1] .
Monoclonal antibodies (i.e., bevacizumab, cetuximab, and panitumumab) have significantly improved overall survival (OS) of MCRC patients, with median OS (mOS) of patients receiving these agents being nearly twice as long as it was 10 years ago: 20-24 months vs. 10-12 months [2] .
Bevacizumab is a recombinant, humanized monoclonal antibody against the vascular endothelial growth factor (VEGF). It has proven antiangiogenic and vasculonormalizing properties [3] and has European and US regulatory approval for the treatment of MCRC patients in combination with fluoropyrimidine-based chemotherapy (www.emea.europa.eu, www.fda.gov).
Unlike other targeted therapies [4, 5] , no clinical or biological factors clearly predictive of bevacizumab efficacy have as yet been identified [6] .
VEGF plays a pivotal role in cancer neoangiogenesis and its importance in colorectal cancer growth and development has been extensively documented. It is secreted by both tumor and normal cells during cancer processes. VEGF originating from normal myeloid cells in response to tumor stimulation may be essential in tumorigenesis and may reduce susceptibility of tumors to standard chemotherapy [7] .
Germline polymorphisms of the VEGF gene influencing VEGF expression in normal cells may therefore have an impact on tumorigenesis, tumor progression, and response to anti-VEGF agents [8] .
Previous studies have demonstrated that the presence of VEGF single nucleotide polymorphisms (SNPs) in the promoter and 5' untranslated region (UTR) regions may be a risk factor for prostate and bladder cancer development [9, 10] . Moreover, VEGF SNPs may have a prognostic value for non-small cell lung, colorectal, ovarian, and breast cancer patients [11] [12] [13] [14] .
The influence of VEGF SNPs on the outcome of a bevacizumab-treated patient has been previously investigated for breast and ovarian cancer [15, 16] . The aim of the present study was to explore the effect of a number of VEGF gene polymorphisms (VGPs) on bevacizimab efficacy and toxicity in MCRC patients.
Patients and methods
Patients with histologically confirmed diagnosis of colorectal cancer and measurable metastatic disease at standard CT scan were eligible for this prospective observational study.
They were required to be chemotherapy-naïve for metastatic disease. Adjuvant treatment was allowed provided it was completed six or more months prior to study entry.
Patients had to have ECOG performance status 0-1 and adequate hematological, hepatic, and renal functions. Prior treatment with monoclonal antibodies was not allowed.
A standard first-line chemotherapy regimen containing fluorouracil-leucovorin-irinotecan (FOLFIRI) was defined to be administered in association with bevacizumab.
Even though published data have not shown a clear difference between irinotecan-and oxaliplatin-based treatment in combination with bevacizumab [17, 18] , the chosen regimen was FOLFIRI as oxaliplatin might have been administered before study entry as a part of adjuvant therapy.
All patients were therefore treated with the following drug doses and schedules: FOLFIRI + bevacizumab: irinotecan 180 mg/m 2 / day 1, bolus 5-fluorouracil 400 mg/m 2 days 1 and 2, folinic acid 200 mg/m 2 days 1 and 2, continuous infusion of 5-fluorouracil 1,200 mg/m 2 for 48 h starting from day 1, bevacizumab 5 mg/kg day 2; cycles were repeated every 2 weeks.
Exclusion criteria for study entry were: coagulation disorders, clinically relevant cardiovascular disease, or other cancers within the previous 5 years, except for adequately treated squamous or basal cell carcinoma of the skin or carcinoma in situ of the cervix.
Blood sample for VEGF gene genotyping was collected for all patients on day 1 of the first cycle, before treatment administration.
Treatment was continued until tumor progression, unacceptable toxicity, or request of termination by individual patients.
Clinical and biochemical evaluation of toxicity was performed before each cycle and graded according to the NIH Common Terminology Criteria for Adverse Events version 3.0 (http://ctep.cancer.gov/protocolDevelopment/ electronic_applications/ctc.htm).
Assessment of response was evaluated after every six cycles of treatment by comparison of a thorax/abdomen/ pelvis CT scan, according to RECIST criteria [19] , with the baseline CT scan that had been performed within 45 days prior to chemotherapy initiation.
Data on gender, age, ethnicity, number of organs involved by metastatic disease, ECOG performance status (PS), histological features, circulating tumor markers (carcinoembryonic antigen (CEA) and carbohydrate antigen 19.9 (CA 19.9)), routine hematology, and biochemical blood tests were collected before treatment commencement. ECOG PS evaluation, CEA, CA 19.9, routine hematology, and biochemical blood tests were also performed during treatment at each cycle. Demographic, clinical and laboratory data were analyzed as potential predictors of patient outcome. Baseline data were considered evaluable if collected within 2 weeks before the start of the treatment. Metastatic sites of disease were grouped into five categories (liver, lymph nodes, peritoneum, lungs, and other). CEA and CA19.9 were performed in a single laboratory with the laboratory-defined upper limit of normal being 5 ng/mL and 35 UI/mL, respectively. Biochemical variables known to have prognostic value in MCRC were evaluated for their association with patient outcome [20, 21] by using a Cox regression multivariate analysis (see below).
Since the present study focused mainly on laboratory predictors of outcome in order to decrease inter-observer variability, we did not include in the multivariate analysis clinical factors (e.g., performance status, etc.).
All patients signed an informed consent to blood collection for genotyping and treatment according to the study protocol.
The study was approved by the local ethics committee and Institutional Review Board and therefore performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki.
Molecular analysis of VEGF polymorphism
All blood samples for genotyping were stored at −80°C within 6 h of collection. Samples were then processed all at once approximately 6 months after the last patient was enrolled with outcome results being blinded for the investigators performing the genotype analysis. DNA was isolated from whole blood using the MagNA Pure LC instrument (Roche Diagnostics, Germany) and the MagNA Pure LC total DNA isolation kit I (Roche Diagnostics) according to the manufacturer's instructions.
VGPs to be tested were selected from the promoter/ 5'UTR (OMIM # 192240) according to published data of the literature showing the highest polymorphic rates.
The region upstream of the start codon (i.e., the promoter/ 5'UTR) has been shown to contain all the major regulatory VEGF gene sites [22] . In particular, the VEGF −2578 CC and −1154 GG genotypes have been associated with a higher VEGF expression [23] .
Gene regions of interest were amplified using three pairs of primers spanning from nt −2713 to nt −585 (Table 1) . Nucleotides position was conventionally numbered from the major transcription site [24] [25] [26] based on the sequence of the VEGF gene (Genebank Accession Number A F 0 2 2 3 7 5 a n d E n s e m b l A c c e s s i o n N u m b e r ENSG00000112715).
Standard polymerase chain reaction (PCR) was performed in a Veriti 96 Well Thermal Cycler (Applied Biosystems, CA) using HotStarTaq Master Mix (HotStarTaq Master Mix Kit, QIAGEN Inc.). In order to exclude pre-analytical and analytical errors, all sequencing analyses were carried out on both DNA strands using Big Dye Terminator v3.1 Cycle Sequencing kits (Applied Biosystems), run on an ABI 3130 Genetic Analyzer (Applied Biosystems) and repeated on PCR products obtained from new nucleic acid extractions.
Statistical analysis
The primary endpoint was to evaluate the predictive value of selected VGPs for progression-free survival (PFS), defined as the period beginning on the first day of treatment and ending with the first observation of disease progression or death from any cause. If a patient had not progressed or died, PFS was censored at the time of the last follow-up. The secondary endpoint was association between VGPs and (1) overall RECIST-defined radiological response rate (ORR) divided into two main categories: presence (complete+partial responses) or absence (stable+progression of disease) of radiological tumor response, (2) OS, defined as time from study entry to death from all causes.
The association between each gene polymorphism and ORR was evaluated by Fisher's exact test. The association between polymorphisms and PFS and OS was examined using Kaplan-Meier curves and log-rank test.
In the univariate survival analysis, the estimated relative risk and its associated 95% confidence interval (95% CI) were based on the log-rank test.
Cox proportional hazards regression model was used to evaluate the association between VGPs along with biochemical covariates known to have prognostic value in MCRC [20, 21] and the primary endpoint (PFS) in the multivariate analysis. The enter method was used to enter independent variables into the model (i.e., all variables were entered into the model in one single step without checking for significance).
All statistical tests were two-sided. Analyses were done using MedCalc for Windows, version 9.5.0.0 (MedCalc Software, Mariakerke, Belgium).
Lewontin's standardized disequilibrium coefficient (D′) among investigated VGPs was assessed using the Haploview program (Barrett Bioinformatics 2005) . This software provides the disequilibrium coefficient D′ as a measure of the nonrandom association of alleles at different loci. D′ coefficient is equal to 1 only if two SNPs have not been separated by recombination (or recurrent mutation) during the history of the sample (complete degree of linkage disequilibrium (LD)).
In our study, VGPs −2578, −1512, −1451, −1411, and −460 were in complete LD and therefore they were analyzed as haplotype (Haplo1 and Haplo2) for association to clinical outcome (Haplo1 for the A-18 bp insertion-T-4 G-C combination and Haplo2 for the C-18 bp deletion-C-5 G-T combination).
Results

Patients' characteristics and treatment delivery
Between January 2006 and August 2008, 40 patients were entered into the study. Enrolment was closed in August 2008 to guarantee an adequate follow-up.
All included patients were treated with FOLFIRI+ bevacizumab as per protocol for at least two cycles.
The median age at study entry was 61 years (range, 30-78). Thirty-eight patients were Caucasian, one African/American, and one Hispanic.
ECOG PS was 0 for 34 patients and 1 for six patients. Detailed demographic and clinical characteristics of study patients are summarized in Table 2 .
Median number of treatment cycles administered was 7 (range, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Dose reduction (>25% of the planned dose for any of the drug for two or more cycles) or treatment delay (>1 week of delay for two or more cycles) was necessary in eight patients (20%). In Table 2 are also reported genotypes and allele/haplotype frequencies of investigated VGPs.
Clinical outcome
Progression-free survival Twenty-seven of 40 patients reached the PFS endpoint with a median follow-up for progression-free patients of 15 months.
The median PFS (mPFS) for the whole cohort was 10.8 months (95% CI, 5.9-19.2).
PFS was analyzed according to VGPs genotypes. The 17 patients homozygous for the VEGF −2578, −1512, −1451, −1411, −460 C-18 bp deletion-C-5 G-T haplotype (Haplo2) had significantly shorter mPFS compared to the other 23 patients, i.e., three patients homozygous for the A-18 bp insertion-T-4 G-C haplotype (Haplo1)+20 heterozygous patients (Haplo1/Haplo2), with a mPFS of 9 months and 15.4 months, respectively (p=0.02, hazard ratio (HR) 2.64, 95% CI=1.13-6.16; Figure 1a) . Also, the VGPs −152 (G/G vs. G/A + A/A) and −1154 (G/G vs. G/A+ A/A) were significantly associated with PFS, with a mPFS of 8.9 vs. 15.4 months (p= 0.007; HR, 3.53; 95%CI, 1.40-8.86) and 9.8 vs. 16 months (p = 0.03; HR, 2.32; 95%CI, 1.08-5.01), respectively (Fig. 1b, c) .
The VGP −634 did not significantly affect PFS with a mPFS of 13.6, 14, and 9.3 months for C/C, C/G, and G/G genotypes, respectively, p=0.83. (Figure 1d) .
VGPs found to be significantly associated with PFS in the Kaplan-Meier analysis (Fig. 1) were evaluated in a multivariate Cox regression analysis for PFS along with other biochemical covariates (i.e., white blood cells, lactate dehydrogenase, alkaline phosphatase, and CA19.9) previously documented as having prognostic properties in MCRC patients treated with first-line chemotherapy [20, 21] . Only the VGP −1154 was found to be independently associated with PFS with the GG genotype conferring a nearly fourfold higher risk of early progression compared to GA+AA, HR ,4.43; 95%CI, 1.28-15.36; p=0.02 (Table 3) .
Overall survival
Only 15 deaths (38%) out of 40 study subjects occurred after a median follow-up for surviving patients of 18.4 months (range, 3.7-36.6). No significant influence on OS has been observed for the investigated polymorphisms (data not shown); however, more death events are necessary before drawing definitive conclusions in this respect. The mOS for the entire cohort was 20.6 months (95% CI, 11.1-32.2).
Overall radiologic response rate
Frequencies of alleles and genotypes were analyzed according to treatment response (Table 4) .
Among all the VGPs, only VGP −634 was significantly associated with ORR, with nearly a threefold increase in the chance of response for patients carrying the G/G variant: ORR for G/G vs. G/C+C/C=64% vs. 14%, Fisher's test p=0.03.
Toxicity
In Table 5 are reported frequencies of grade 3/4 adverse events. Results are comparable to previously reported data on FOLFIRI+bevacizumab regimen [27] . No significant differences in toxicity were observed across the different VEGF genotypes (data not shown); however, sample size and grade 3/4 adverse event frequencies were too modest to draw definitive conclusions. 
Discussion
The purpose of this study was to evaluate the impact of germline VGPs located in the promoter/5' UTR on the clinical outcome of MCRC patients treated with the anti-VEGF antibody bevacizumab.
The hypothesis was that VGPs may influence bevacizumab efficacy by interfering with the expression of its molecular target, i.e., extracellular VEGF.
VEGF is a key mediator of tumor neo-angiogenesis and promotes tumor growth and metastases. During the cancer process, expression of VEGF is induced in both normal and cancer cells.
VEGF originating from normal myeloid cells in response to tumor stimulation may be essential in tumorigenesis and may reduce standard chemotherapy activity [7] . During cancer progression, angiogenesis (as a host-driven process) is likely to be influenced by germline genetic variability more than tumor genetic variability. In a previous study by Schneider et al. [15] , detection of VEGF −2578 AA and −1154 AA+ AG genotypes in tumor genomic DNA was associated with improved overall survival in breast cancer patients treated with bevacizumab+paclitaxel. However, the same authors considered the VGPs analysis performed on tumor DNA and the lack of available peripheral blood samples as limitations of the study. According to Schneider et al., clinically meaningful polymorphisms of angiogenesis genes should be found, in fact, in normal germline DNA because tumor angiogenesis is mediated by "normal" endothelial, hematopoietic, and stromal cells [22] .
We chose to investigate germline VGPs in the promoter region as crucial regulation point. In fact, host VEGF promoter activity has been demonstrated to be induced by tumor cells around and throughout the tumor mass as expression of activation in normal fibroblast and myeloid cells [28] .
Moreover, several functional polymorphisms in the VEGF promoter/5'UTR have been described. In vitro studies have demonstrated that the VEGF −2578 CC and the −1154 GG genotypes are associated with an increased VEGF secretion in human blood mononuclear cells [23, 29, 30] .
As a confirmation of preclinical findings, genotypes determining a higher VEGF secretion have been found in humans to be associated with increased risk of prostate, bladder, lung, colorectal, ovarian, and breast cancer diagnosis or relapse [9] [10] [11] [12] [13] [14] .
In our study, we found a statistically significant association between germline −2578, −1512, −1451, −1411, −460, −152, and −1154 VGPs and PFS. Moreover, by analyzing VGPs along with biochemical covariates known to influence prognosis in MCRC patients in a multivariate Cox regression analysis, VGP −1154 was the only covariate independently associated with PFS, with the for association to clinical outcome (Haplo1 for the A-18 bp insertion-T-4 G-C combination and Haplo2 for the C-18 bp deletion-C-5 G-T combination) (Table 3) . Hence, VEGF hypersecretion may account for the significant and independent worse outcome seen in our study in bevacizumab-treated patients carrying the VEGF −1154 GG genotype.
Only recently, the influence of VGPs on the efficacy of the anti-VEGF monoclonal antibody bevacizumab has been investigated in breast and ovarian cancer [15, 16] , and the present study is, to the best of our knowledge, the first report demonstrating a predictive value for PFS of VGPs in bevacizumab-treated MCRC patients.
Even if not completely comparable, our results are in keeping with Schneider's findings in breast cancer [15] . In the Schneider study in fact genotype AA in both −2578 and −1154 VEGF loci were associated with a longer OS of bevacizumab-treated patients (HR, 0.58; P=0.023 and HR, 0.62; P=.001, respectively). Similarly, in our cohort, AA genotype in those loci was associated with a significantly longer PFS as compared to the alternate genotypes (see Table 3 and Fig. 1) .
We also found a significant association of germline VGP −634 with ORR, but not with PFS (Table 4) .
It is not unusual for cancer patients that an enhanced radiologic response does not translate in a longer PFS [27, 31] . Two alternative hypotheses might be generated to explain this finding: either (1) a higher number of subjects are required to detect a significant difference in PFS for this group of patients, or (2) VEGF −634 C/C+C/G genotype is associated to a tumor which is more chemosensitive (which would explain the higher response rate) and at the same time more aggressive (which would explain why a gain in ORR did not translate in a gain in PFS). Confirmation of this finding is needed in future studies.
The identification of predictive markers of bevacizumab efficacy is a fascinating area of research [21, 32] and may lead to a further tailoring of anticancer treatments thus optimizing their efficacy. As an example, a high dose trial of bevacizumab might be designed to improve treatment efficacy in subjects genetically predisposed to overexpress VEGF.
A prospective trial on a larger population comparing chemotherapy+bevacizumab with chemotherapy only is required to definitively determine how much VGPs are predictive (i.e., impacting on treatment efficacy) rather than prognostic (i.e., impacting on overall survival and cancer natural history) in this cancer population.
We acknowledge that the sample size of the present study is relatively small. However, we found difference in PFS or RR between genotype groups to be statistically significant (p value ranging from 0.03 to 0.07), leading to the hypothesis that the effect of VEGF genetic variations on clinical outcomes might be very large in magnitude, and a limited number of patients may be sufficient to detect statistically meaningful differences. We are currently running a phase III trial of bevacizumab in metastatic colorectal cancer patients where VGPs are prospectively analyzed and their association with clinical outcomes has been pre-planned in the protocol as secondary endpoint, but data are not mature enough at the moment to further increase our patient sample size. Nonetheless, the statistically significant results obtained from these 40 patients together with the novelty of the findings might serve now as a base for future researches of the scientific community.
Gene polymorphism analysis represents in fact a more "reproducible" and easier test to perform compared to the measurement of soluble mediators such as plasma VEGF and, although larger prospective clinical trials are needed, according to our results, VGPs analysis has the potential for discriminating patients who would most benefit from bevacizumab in MCRC patients at standard dose.
